Several designs for Fresnel zone plate lenses ͑FZPLs͒ to be used in conjunction with antenna-coupled infrared detectors have been fabricated and tested. The designs comprise square and circular FZPLs with different numbers of Fresnel zones working in transmissive or reflective modes designed to focus infrared energy on a square-spiral antenna connected to a microbolometer. A 163ϫ maximum increase in response was obtained from a 15-zone circular FZPL in the transmissive mode. Sensor measurements of normalized detectivity D* resulted in a 2.67ϫ increase with FZPLs compared with measurements made of square-spiral antennas without FZPLs. The experimental results are discussed and compared with values obtained from theoretical calculations.
Introduction
The use of antenna-coupled infrared detectors has found applications in several fields of science and technology. [1] [2] [3] [4] [5] [6] Infrared antennas have proved to be an effective solution when polarization sensitivity, tunability, directionality, point-detector characteristics, and room-temperature operation are necessary.
Individual infrared antennas have a typical collection aperture sizes of the order of 2 ; therefore the amount of energy that they can collect is quite small. 7, 8 There are several approaches to increasing the collected energy, such as illuminating from the substrate, modifying the fabrication materials, and adding collection optics. 9, 10 To use infrared antennas in imaging systems, which have typical pitch sizes of 20 m ϫ 20 m to 50 m ϫ 50 m twodimensional arrays have been fabricated. 6 The problem with these types of detector is that adding elements in series to cover a bigger area will increase the total noise of the detector. To keep the noise low, i.e., at the level of a single-element microbolometer, but still have a large collection area, we fabricated Fresnel zone plate lenses ͑FZPLs͒ to collect infrared energy and focus it onto a single antenna-coupled microbolometer. FZPLs are practical energy collectors, which are already in use in the microwave and millimeter spectrum, that we investigate in this paper at infrared frequencies. [11] [12] [13] [14] FZPLs are well suited for integration with infrared antennas. They are planar structures that can be fabricated with the same lithographic tools used for fabricating antennacoupled detectors.
In this paper we describe using the collecting properties of FZPLs to concentrate the optical flux that reaches an infrared antenna. The increase in irradiance is followed by an increase in the signal produced by the detector. In this paper we demonstrate how a custom FZPL is able to enhance the responses of infrared antennas. In Section 2 we show the design parameters for circular-and square-shaped FZPLs. We also include the definition of a figure of merit that is the gain in response of an infrared antenna with the FZPL compared with a single antenna without a FZPL. Section 3 is devoted to a description of the fabrication process and to explaining the characteristics of the FZPLs and their associated infrared antennas. In Section 4 we show how the characterization of these devices was made and the experimental results were obtained from this characterization. In that section we also compare these experimental results with those obtained from simulations for which the actual parameters of the FZPLs were used. The theoretical results are also displayed to enable us to determine the optimum theoretical improvement in the detected signal. Finally, in Section 5 we summarize the main conclusions of this paper.
Fresnel Zone Plate Lenses
The principle of operation of FZPLs is based on the wave nature of light. The wave front arriving at the FZPL is divided into portions, or zones. The criteria used to define these zones are well defined in the literature. 14, 15 The zones of the FZPL described in this paper are designed to focus an incident plane wave at an infrared antenna that is a distance of 380 m away from the FZPL. The medium between the FZPL and the infrared antenna is silicon, and the focal distance is given by the thickness of the silicon wafer ͑ϳ380 m͒.
The electric field at the infrared antenna plane is given by the following equation:
where E͑xЈ, yЈ͒ is the electric field distribution at the plane of the FZPL, F͑ xЈ, yЈ͒ is a function related to the FZPL that provides the spatial distribution in transmission or reflection of the FZPL, and K͑ x, y, xЈ, yЈ͒ is a function that contains all the information about the optical path between a given point on the FZPL and another point on the infrared antenna plane. This function is given as follows:
where d 0 is the distance between the plane of the FZPL and the plane of the infrared antenna, n is the index of refraction of the medium between these planes, 0 is the wavelength of the optical radiation in vacuum, and d͑x, y, xЈ, yЈ͒ is the distance between any given point in the FZPL plane characterized by its coordinates ͑xЈ, yЈ͒ and another point at the infrared antenna plane characterized by ͑ x, y͒. The term inside the first set of brackets and the 1 ⁄2 factor is also known as the obliquity factor. Distance d is given as
With respect to K͑ x, y, xЈ, yЈ͒ ϭ K͑ x Ϫ xЈ, y Ϫ yЈ͒, the integral of Eq. ͑1͒ can be seen as a convolution product between the electric field just after the FZPL and the function that describes the propagation from the FZPL to the plane of interest. By using these equations it is possible to obtain a map of the electric field at any given point about the principal focus of the FZPL. In this paper we are interested mainly in the value at the location of the infrared antenna. The focusing of the incoming radiation by the FZPL will produce an increase in irradiance and a higher response than that obtained without the FZPL. The FZPL is characterized by the sizes of the successive zones. We are interested in FZPLs that are able to focus the incoming radiation onto a reduced area on the detection plane where the antenna is placed. Therefore the focal point of the FZPL should be located on the infrared antenna. The plane of the FZPL and the plane where the antenna is located are parallel. With this arrangement the radii of the boundaries of the circular Fresnel zones are given by
where d 0 is the focal length of the FZPL ͑which coincides with the thickness of the wafer͒, n is the index of refraction of the wafer, and m is the order of the Fresnel zone. Although symmetry defines the Fresnel zones as circular, for some applications it could be useful to have rectangular or square FZPLs. For example, square FZPLs are better suited to the intrinsic geometry of an array of rectangular pixels. Square FZPLs are also considered in this paper. These square Fresnel zones are designed to have the same areas as the corresponding circular zones. The relation between half of the side of the square and the radius of a circular zone of the same order is
Once the geometry of the FZPL is set, the mode of operation of the FZPLs has to be determined. We have distinguished two modes: reflective and transmissive. In the transmissive mode the light is incident upon the side of the wafer where the FZPL is located and reaches the infrared antenna from the substrate side. In the reflective mode the light is incident on the surface where the antenna is located, propagates to the FZPL, and is reflected back to the infrared antenna, incident from the substrate side too. The FZPL works differently for these two modes. In the transmissive mode the transmittance is zero in the zones where the metal is deposited and is equal to the transmissivity between air and substrate in the rest of the zones. In the reflective mode the reflectance is ϳ1 for those zones where the metal is deposited, and it is equal to the reflectance of the substrate-air interface for the other zones. The phase shift in the reflection is also taken into account when the F͑xЈ, yЈ͒ function that describes the FZPL is computed. The associated transmission and reflection coefficients in amplitude are
respectively, where n and nЈ are the indices of refraction of the incident and refracted media. An objective of this paper is to provide a figure of merit to describe the effect of inclusion of a FZPL. This figure of merit is defined as a gain factor ͑GF͒ evaluated at the location of the infrared antenna:
GF ϭ
Irradiance with the FZPL Irradiance without the FZPL .
In Section 4 below, this figure of merit is calculated for the types of device fabricated. The theoretical expectations for this value are compared with the experimental values of the signals obtained from the antennas. The signal is proportional to the incident irradiance. The antennas with or without FZPLs are equal in design and fabrication. Their only difference is that some of them have a FZPL properly aligned at the back side of the wafer. Therefore the ratio between signals is a measurement of the GF. The results are analyzed in Section 4.
Electron-Beam Lithography of FZPLs Integrated with Infrared Antennas
Square-spiral-antenna-coupled niobium microbolometers ͑Fig. 1͒ were used as detectors for this study; these detectors were fabricated by electron-beam lithography and liftoff on 380-m silicon wafers with 200 nm of thermally grown SiO 2 for thermal and electrical isolation. 16 The physical size of these detectors was approximately 5 m ϫ 5 m. The antenna elements were made from 100 nm of evaporated gold, and the microbolometer was a 500 nm ϫ 500 nm niobium patch that was 60 nm thick and was located at the feed of the antenna.
The FZPLs were patterned by use of optical lithography and aligned to a single-element square-spiralantenna-coupled microbolometer on the back side of the wafer by an EV620 backside aligner. The FZPL lenses were made from 100 nm of electron-beam evaporated gold over a 5-nm layer of chrome used as an adhesion layer. The configuration of the FZPL and the infrared antenna is depicted in Fig. 2 rich2/zod-osa/zod-osa/zod03204/zod1573-04a trumans Sϭ3 9/17/04 13:41 Art: LP-52257 Input-1st low, 2nd mke ficients applied in the calculation ͑see Table 2͒ . When the effect of the SiO 2 thin layer is taken into account the change in the value of the modulus of these coefficients is negligible. Two different types of FZPL were fabricated: the traditional ones, which consist of concentric rings ͑Fig. 3, top͒ and an approximation of these made by use of concentric squares ͑Fig. 3, bottom͒. Eight circular and five square FZPLs were fabricated. These lenses vary in the number of zones that each one has: Circular FZPLs have one to eight opaque zones, whereas square FZPLs have one to five opaque zones.
The main functions of the zone plate are to increase the gain of the spiral antenna and also to reduce the energy loss that is due to guided waves in the substrate by altering the boundary conditions of the dielectric slab waveguide. 12 
Testing Procedure and Results
The test setup that we used to characterize these FZPL-coupled detectors is shown in Fig. 4 . A CO 2 laser emitting infrared radiation at 10.6 m focused by an f͞8 optical train was used. The diameter of the beam spot that encloses 84% of the total flux is approximately 200 m; the power at the focal plane was set by use of a wire-grid polarizer to 33 mW, which gives an approximate irradiance of 88 W͞cm 2 at the focus.
The FZPL-coupled detectors were tested in the transmissive configuration ͑as shown in Fig. 2͒ and in a reflective configuration, in which the radiation comes through the detector plane first and then reflects off the FZPL.
After fabricating the FZPLs we measured the actual sizes of the Fresnel zones ͑the measured values are given in columns 3 and 5 of Table 1͒ . Because of overexposure during the fabrication process the zones containing the metal deposition were a little wider than predicted. For example, the metalized zones of the squared FZPL shown in Fig. 3 had the following widths ͑in micrometers͒: 30.9, 10.5, 8.2, 7.4, and 6.2 ͑the expected values were 30.4, 9.7, 7.2, 6.0, and 5.2 m, respectively͒. We analyzed four configurations, combining the transmissive and reflective modes of operation and the circular and square geometry of the alternate zones. At the same time we calculated the expected GFs for these four configurations, using the model of operation of the FZPL described in Section 2. We made the calculations by simulating a Gaussian beam that had the same size as the probe beam and by using a uniform plane-wave model. We achieved a last refinement of the calculation by considering the actual sizes of the zones written on the substrate ͑listed in columns 3 and 5 of Table 1͒ . In Fig. 5 we have plotted the GFs experimentally obtained for several configurations and for a set of FZPLs with several numbers of zones. In this figure we have also included the results obtained after the effects of the FZPLs were simulated. Several consequences may follow from these results. The GF is larger than 1 for all the devices except a square FZPL with five zones and a circular FZPL with only one zone. The maximum measured value of the GF was 163 measured on a circular FZPL working in transmissive mode and having 15 Fresnel zones ͑8 circles filled with gold͒. The maximum theoretical GF for the same conditions of operation and geometry is 221. The difference between the measured and theoretical values is due to nonideal effects such as the nonuniformity of the laser beam used to make the measurements and the difference in dimensions of the FZPL owing to fabrication issues. First we found a higher response for circular FZPLs than for square FZPLs. In addition, whereas circular FZPLs have larger GFs for an increase in the number of zones, the square version does not follow this trend. This is so because, when one is considering square zones farther apart from the center, their coincidence with the actual Fresnel zones becomes increasingly worse. A second result of this study is that the transmissive operation fits better with the theoretical expectations than with the reflective mode. The experimental results are better modeled when the actual sizes of the Fresnel zones are included in the calculation along with the dimensions of the Gaussian probe beam. Although the magnitudes of the expected and the experimental GFs for the reflective mode are different, the trend in the variation of the experimental GF is the same, especially for the square FZPL. The discrepancy in the values is due to the fact that, before arriving at the FZPL plane, the laser beam needs to cross the plane where the infrared antennas are written. This plane is full of obstacles in the form of opaque bond pads and connection lines. These obstacles obscure the light path and reduce the actual irradiance arriving at the FZPL by a considerable amount. This obscuration effect diminishes the signal and the corresponding GF.
A result that summarizes the finding of this paper is the calculation of normalized detectivity D* for circular FZPLs in the transmissive mode. D* is defined as the rms signal-to-noise ratio in a 1-Hz bandwidth per unit rms incident radiant power per square root of detector area. The importance of D* comes from the fact that it permits comparison of detectors of the same type but with different areas and different measurement bandwidths. Increasing the num- ber of Fresnel zones increases the response of the detector. However, the collection area of the detector, which is the area covered by the largest zone plate, also increases. In Table 3 we present the value of the ratio of the calculated D* for the FZPLcoupled detector and a detector without a FZPL. From these results we can see that we get an increase in D* after the fifth opaque zone, which is ϳ200 m in diameter. From our experimental results, the maximum gain in D* is 2.67, and it appears for a circular FZPL with six opaque zones working in transmissive mode.
Conclusions
The use of FZPLs to improve the response and detectivity of antenna-coupled infrared detectors has been demonstrated theoretically and experimentally. The FZPLs were designed with circular and square zones. We designed the square FZPLs by maintaining the area of their corresponding circular Fresnel zones. The FZPLs were written on the back side of a silicon wafer. The focus is located at the infrared antenna position. The FZPL can operate in a transmissive mode and in a reflective mode. The calculation for the irradiance at the focus of the FZPL has taken into account the indices of the materials used and the phase shifts that occur at the interfaces. A figure of merit for evaluating the effect of the FZPL is defined as the ratio between the irradiance on the location of the infrared antenna with an FZPL and the irradiance without the FZPL. After fabricating the different designs we measured the response of the antenna-coupled detectors.
The results for the reflective mode do not agree with the expected values. This is so because of the obscuration produced by the connection patches and lines written about the antenna. They diminish the amount of radiation that actually reaches the FZPL and is able to focus on the antenna. The expected theoretical GF reached values near 1000 for reflective FZPLs. Although this value for GF was not obtained, the circular FZPL operated in reflective mode provided experimental values of GF of ϳ20. The square FZPLs behave worse than the circular, as predicted by the theoretical model.
The response of the detectors increases as predicted by the theoretical model for the transmissive mode. For circular FZPLs operating in this mode we corrected the theoretical expectations by introducing the actual values of the sizes of the circular zones. After this correction the experimental data showed good agreement. The maximum experimental value for the gain factor was 163ϫ for a circular FZPL with eight opaque zones operating in transmissive mode. An optimization of the fabrication process may increase the GF above 200 for a FZPL with eight opaque zones working in transmissive mode. This optimization should reduce the difference between the expected ͑theoretical͒ and fabricated dimensions of the Fresnel zones. In our devices, D* also showed a maximum increase of a factor of 2.67ϫ.
Summarizing, FZPLs have been proved to be valuable elements for improving the performance of infrared antennas. 
